Ever since George Lundberg introduced the concept of critical laboratory values in the 1970s (1 ), medical technologists have considered it their duty to expeditiously report these values by calling the respective patient units and reading the numbers to the caretaker. Critical value reporting became official when it was incorporated into the CLIA of 1988, and the CLIA recommendations were widely adopted by laboratoryaccrediting agencies, such as The Joint Commission and the College of American Pathologists (CAP) 4 (2, 3 ) . Subsequently, the requirement of having the caregiver write down and read back the critical value information (so-called read-back) was introduced as a means of improving patient safety (4, 5 ) .
Clearly the reporting of critical results can be improved. CAP conducted a study across 623 institutions and found that slightly Ͼ5% of critical alerts were "abandoned," i.e., not reported to anyone who would accept responsibility for the critical value (6 ) . In a follow-up study of 121 institutions, the median notification time for inpatients was 4 min (7 ). However, this time was needed to notify a nonlicensed caregiver; an additional 3 min were required to notify a physician, adding up to a total of 7 min. The amount of time spent by laboratories reporting thousands of crisis values per year is significant in hospitals that treat many critically ill patients. In recognition of the substantial commitment of effort and time, a few attempts have been made to develop automated systems for the reporting of critical values (8, 9 ) .
In reporting critical values for inpatients, medical technologists generally call the floor where the patient is located. Typically a clerk will answer the phone and the technologist will then request to speak to a nurse or physician familiar with the patient. The recipient will write down the result and read it back to the technologist. In the case where the recipient is a nurse, the nurse will report the critical result to the patient's physician with read-back and record the reporting in the nurses' notes or other component of the medical record. Audits have shown that receipt of the critical value by the clinician is documented in only about two thirds of cases. It is unknown how much of this represents an abandoned effort to contact a physician or simply a lack of documentation (10 ) .
The purpose of reporting a crisis value is to alert the caregiver, typically a physician, who will be able to act on the information. Thus, documentation of the receipt of the critical values by the caregiver is as important as assurance of rapid delivery. Accordingly, The Joint Commission now requires health care organizations to track and improve the timeliness of reporting and receipt of critical test results by the responsible, licensed clinician. Specifically Goal 2 of The Joint Commission's 2007 and 2008 National Patient Safety Goals states that laboratories must measure and assess both the timeliness of delivery and receipt of critical values by the licensed physician. At the present time, many hospitals struggle with creating the receipt, as it often requires a nurse to stop and document the details of a physician contact. Monitoring of the physician receipt and its timing is typically done by a noncomprehensive manual chart audit.
We developed an electronic ALERTS system that reports critical values via the laboratory and hospital information systems to alphanumeric pagers of clinicians. The system improved laboratory efficiency and clinical communications and thereby addressed regulatory, medico-legal, practical workflow, and clinical concerns.
Materials and Methods

SETTING
The ALERTS system was developed at Vanderbilt University Medical Center (VUMC), a tertiary-care 1000-bed academic medical center in Nashville, TN, as a collaborative effort between the Clinical Diagnostic Laboratories in the Department of Pathology, the Informatics Center, and the main clinical departments (Internal Medicine, Pediatrics, Surgery, and Emergency Medicine). Another component critical to the successful adoption of the system was the participation of the Telephone Operator Services in the Information Technology Services Department.
CLINICAL DIAGNOSTIC LABORATORIES
The Core Laboratory, which combines clinical chemistry, coagulation, and hematology, uses a list of critical values that are similar to values reported in the literature (11 ) . The list of critical values flagged in the laboratory information system is identical to that used by the medical technologists for calling the patient units and used by the ALERTS system (Table 1) .
INFORMATICS CENTER
The Informatics Center supports the clinical information needs of all VUMC inpatient and outpatient services. The ALERTS system's architectural design and software and hardware development was done within the Informatics Center.
CLINICAL DEPARTMENTS
More than 1200 physicians practice in the Vanderbilt Medical Group at VUMC, supervising the training of about 850 residents and fellows. Residents and fellows order most of the laboratory tests. The ALERTS system was applied only to samples originating from inpatients.
TELEPHONE OPERATOR SERVICES
The operators maintain a database of digital pagers for approximately 5000 medical center and university personnel, provide pager forwarding services for admitting, consult, and team pagers, maintain and provide daily on-call information for more than 200 medical center clinical services to physicians, nursing staff, and admitting and emergency services. Because operators have up-to-date on-call schedules for all clinical services, they are in a unique position to identify alternate physicians who need to be informed about a critical value in case the primary doctor does not acknowledge alert receipt. A cadre of 14 of the most experienced operators was selected and trained in using the ALERTS system to monitor critical value alerts acknowledgment, to close escalated pages, and to be proficient in reading and pronouncing the names of the critical laboratory tests. Operators' proficiency in communicating critical value information is periodically audited by a representative from the Clinical Diagnostic Laboratories.
Results
The multidisciplinary team designed a flowchart for the reporting of critical values and their acknowledgment (Fig. 1) . The flowchart starts with the medical technologist entering a test result into the laboratory information system (GE Healthcare Triple G). The ALERTS system captures the outgoing HL-7 result and, if the result fulfills the critical value criteria defined in Table 1 , sends a critical value alert via the text pager system. The pager number of a covering physician for the patient has been assigned during the creation of admitting orders or the patient transfer process. The text message lists the result with reference range in addition to patient name, medical record number, and specimen collection timestamp. In the most common scenario, the physician acknowledges the page by calling the ALERTS touchtone phone response system using the phone extension listed in the message and dialing the acknowledgment code provided in the message. The physician's identity is confirmed as part of the touchtone phone interaction. If his identity is not known by the system, he can use a unique code to identify himself. Alternatively, the physician can acknowledge the alert receipt electronically in the hospital electronic medical record (EMR) or computer physician order entry (CPOE) systems.
A different pathway is initiated if the clinician does not respond to the critical value alert within 10 min (Fig. 1) . The page is automatically escalated to the telephone operator who monitors the status of every alert in real time via the ALERTS Status Web Application. The operator contacts the responsible physician or the patient's nurse by phone and communicates the critical value information, receives a read-back, and documents the alert acknowledgment in the ALERTS system. A third scenario arises when the paged clinician does not know the patient and "rejects" the page (Fig.  1) . In this case, the page is also escalated to Telephone Operator Services. The operator identifies an alternate physician using the up-to-date schedules of all clinical services and relates the message in a phone call with read-back by the physician. In the small number of cases where the operator has to relate critical value information for escalated alerts to the patient's nurse owing to the unavailability of the patient's physician, the nurse is then responsible for contacting the physician and informing him or her about the critical value and documenting the physician notification in the electronic nursing charting system. In all 3 pathways, the process ends with the physician acknowledging the receipt of the critical value, allowing him or her to take action and avert a negative clinical outcome. In case a sample with a critical value also has an interfering substance, a monitor informs the technologist of this situation. The technologist handles these cases manually, using the same logic as before the implementation of the ALERTS system. Table 2 summarizes the ALERTS data recorded and calculated electronically for the most recent 9 months of system use. Because the response times are skewed, we list the mean values as well as the median and 90% percentiles. In the following, we concentrate on the median because it is the parameter most commonly reported in the literature. After implementation of the ALERTS system, the median clinician response occurred in about 1.5 min. During the first 3 months, however, the responsible physicians acknowledged the pages using the automated options in only 70% of cases. To increase the physician acknowledgment rate, a "7-min reminder" page was implemented. Each time a physician fails to acknowledge an alert within 7 min of being paged, the system sends a reminder page with a warning that failure to acknowledge the alert receipt in the next 3 min will result in the alert being escalated to the telephone operator. After the implementation of the 7-min reminder page, the physician acknowledgment rate increased to near 90%. The number of alerts escalated to telephone operators correspondingly decreased from 30% to 11% (Table 2 ). In 70% of these cases, the operators succeeded in closing escalated alerts by either contacting the original physician or identifying an alternate physician from the available on-call schedules. In a small fraction of cases where no physician was available (approximately 5% of the total alerts), the operators contacted the patient's nurse to acknowledge the critical value page. The nurse was then responsible for contacting the physician and informing him or her about the critical value and documenting the physician notification in the electronic nursing charting system. The ALERTS system currently does not track documentation of these critical values, as this occurs between the nursing documentation system and the EMR. Excluding the escalation time of 10 min, the median response time achieved by the operators was 5.3 min or less. Overall, documentation of physician acknowledgment of receipt in the electronic medical record increased to 95% of critical values over 9 months, while the median time decreased to Ͻ3 min.
Before implementing the ALERTS system, nurses were responsible for notifying the clinician about critical laboratory results, which they received via phone calls from the laboratory. After introducing the system, this notification duty was removed from the nursing personnel, alleviating their workload. Because nurses play a vital role in monitoring the patient condition, however, it was important to keep nursing personnel in the critical value information flow. Thus, a "for your information" (FYI) charge nurse paging functionality on the unit where the patient is located was added to the ALERTS system, sent at the same time a physician is alerted about a critical value. The FYI charge nurse pager message includes information about the critical value result and contact information of the physician notified by the system. The charge nurse FYI paging feature provides an additional patient safety mechanism by keeping nursing personnel in the information Escalated pages communicated to physician, n (%)
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63 (8) 54 (7) 60 (10) 26 (4) 30 (4) 62 (8) 28 (4) 41 (5) 42 (5) Pages communicated to physician and documented by ALERTS, % flow, allowing nurses to intervene in patient care when immediate attention is required. The ALERTS system was implemented in stages, starting with a few tests and inpatient floors and ending with the entire hospital and all tests listed in Table 1 . The full implementation of the ALERTS system has led to the near-complete elimination of phone calls by medical technologists reporting critical values for inpatients. Before the introduction of the ALERTS system, approximately 9000 phone calls per year were logged by the Clinical Laboratories. The time to contact the appropriate nurse on the patient floor varied from 1 to Ͼ10 min. If we assume an average of 7 min per call (based on the study cited above (7 )) including readback of the result, the introduction of the ALERTS system resulted in time savings of 1050 h of technologists' time for the Clinical Laboratories, or approximately one half of a full-time equivalent technologist. We did not measure any laboratory quality outcomes that might be affected by technologists having to call critical values; however, it is likely that the elimination of 9000 phone calls improved overall turnaround times and reduced the rate of clerical errors and/or corrected reports due to interruptions.
Discussion
A growing number of publications have addressed the reporting of critical values (4 -7, 9, 12-14 ) . A recent CAP-sponsored study of 121 institutions determined that it takes a total of 7 min to relate a critical value to the responsible clinician (7 ). However, this determination, involving 3545 critical values, was performed manually in a labor-intensive manner. We report on 6850 critical values made over a 9-month period of time by the electronic closed-loop ALERTS system.
The essential elements for a successful electronic reporting system have been defined (15 ) . Shabot et al. (16 ) described a text pager-based notification of critical values, but the system did not document receipt of the alert. A conceptually similar system to ALERTS described by Kuperman et al. (8 ) also employed physician pagers and operators and nurses as part of an escalation strategy. The system was evaluated in a pilot study of 4 tests (glucose, potassium, sodium, hematocrit) monitored over a 2-month period. The documented physician response rate in this limited study was 69% (8 ) . This is nearly identical to our direct physician response rate before we instituted the 7-min reminder, which resulted in an eventual 89% rate. Their system did not include a touchtone phone method for acknowledgment, which also may have contributed to our higher response rate, although the reminder appears more likely given the timing of the change. Importantly, their study differed from ours in that it did not report an overall physician receipt rate or response time. We were unable to identify any studies with documented physician receipt rates higher than 70%.
We added the Telephone Operator Services as an integral component to increase documented direct physician contact to 95% (89% direct acknowledgment plus 6.5% via the operator). For the remaining 5%, the operators notified the nurse, allowing a 100% success rate of notification (no abandoned alerts). Although operators may not be an obvious choice, they turned out to be highly dedicated and well suited for this task. In contrast to laboratory-based medical technologists, operators have access to up-to-date call schedules for all clinical residents, fellows, and faculty and had minimal difficulty tracking a physician to redirect the text page or deliver the critical value by phone. Within a few months, adding the operators for escalation shortened the overall median time to physician documentation to Ͻ3 min (Table 2) , in contrast to the 7 min found in the CAP study (7 ) . Although the operators had a noticeable impact on the success of the ALERTS system, it should be noted that the number of alerts escalated to them (about 100 per month or 3-4 per day) was a negligible addition to their workload and had no adverse impact on operator performance.
From the laboratory point of view, the ALERTS system has been a resounding success, with significant time saving by medical technologists. Similarly, the nursing staff has been relieved of the task of notifying the responsible clinician of critical values except in those few instances when the operator could not locate the physician. The physicians have accepted the ALERTS system and, after some initial hesitation and education, improved their acknowledgment rate. Instead of being verbally notified of a critical value by a nurse, the clinicians realize the benefit of the electronic alert and its built-in documentation. Finally, from an institutional point of view, the ALERTS system is entirely electronic and documents every time point in the reporting pathway.
The ALERTS system has been successfully implemented for inpatients, providing information 24/7. Critical values for outpatients typically account for Ͻ20% of all critical values (12, 14 ) , and we plan to address these in the next phase of the project using the experience gained to date. Future work will also address the 5% of operator-to-nurse alerts. Currently the nurse is instructed to enter the physician notified within the nursing documentation system, which does not always occur. The plan is to automatically escalate the alert to the charge nurse if this documentation has not occurred in a reasonable amount of time. The ALERTS system captures the outgoing HL-7 results from our Laboratory Information System (LIS) but was developed as a freestanding program at VUMC without participation of the LIS vendor. Thus, the ALERTS system is amenable to use with any other LIS provided a standard HL-7 interface is accessible. The system is not commercially available at the present time.
We conclude that the ALERTS system has decreased physician notification time and increased completeness of documentation of physician receipt in comparison to our prior practice and to the published literature. It has also decreased manual notification effort while providing a standardized process of reporting of critical results in compliance with The Joint Commission goals. 
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